After feeding the scutellum of young maize seedlings with a labeled analog of glucose, 2-deoxy-n-glucose, the progress of radioactivity along the root was followed when either 70% of the path or the whole root were in strict anoxic conditions, and was compared with the translocation pattern of aerobic seedlings. Special care was taken to suppress the internal 02 transport and to control its occurrence.
The roots of young maize seedlings have no significant carbohydrate reserves and the metabolic activity of the tip is highly dependent on the flux of carbohydrate imported from the seed (15) . In the absence of limiting factors acting on the source (seed) or on the translocation path, the amount of sugar transported is adjusted to the needs of the sink (root tips). Conversely, a limitation of sugar delivery to the tip will limit its activity almost immediately.
In natural conditions, the root systems are often submitted to large fluctuations of 02 partial pressure in the rhizosphere and eventually to long periods of anoxia in flooded soils which might limit either the flux of carbohydrates translocated in the phloem or the metabolic activity of the sink. Under these conditions both the path and the sink are submitted to anaerobiosis and it is difficult to ascertain a precise site for the inhibition, if any, of sugar supply in the absence of 02.
The effect of anoxic treatment on the translocation of carbohydrates in roots has received little attention and most of the studies are done on aerial organs which is meaningless to an agronomical point of view. A recent study (19) suggests that inhibition of sugar supply in anaerobiosis might operate on phloem unloading processes in the maternal seed coat of developing soybean seeds.
In general, the inhibition of the energy metabolism of sink regions results in decreased translocation (6) but in tissues other than developing seeds, it is difficult to discriminate between the effects on the portion of the path included in the sink region, the unloading process itself and the subsequent utilization or accumulation of assimilates by the tissues. In addition, except for the work of Mason and Phillis (1 1), no precautions are mentioned in the more recent studies focusing on sugar supply in anoxic conditions to control and limit the internal 02 transport which may offset in many plants the absence of 02 in the external medium (17) . These considerations and the fact that no ubiquitous mechanism exists for translocation and phloem unloading (7) might explain why anoxic treatment ofboth path and sink regions have led to inconsistent results and conflicting conclusions (6, 18) .
The present study has been designed to separate the effects of anoxia on sugar transport in path and sink regions of maize roots. Taking advantage of the methodology developed previously (17) , special care has been taken in these experiments to control internal 02 transport.
MATERIALS AND METHODS
Maize seeds (Zea mays L. INRA 508) were first infiltrated under vacuum with the nutrient medium described in Saglio and Pradet (15) and germinated for 4 d at 25°C between sheets of filter paper soaked with the nutrient medium and inclined at an angle of 45°in order to obtain straight seminal roots. Just before the experiment, the coleoptile, secondary roots, and the endosperm were removed from each maize seedling in order to obtain a simplified source sink system composed of the scutellum and the main seminal root (10-12 cm long).
The Experimental Device. The seedling was inserted through a hole made in a plastic cap and through the luer end of a disposable 5-ml syringe (Fig. 1) . The scutellum was held by a gasket of sealing compound (terostat 9010). When needed, a circular incision was made under a microscope in the root cortex (girdle) at the level where the root extruded from the luer end of the syringe. This incision was made in order to fill the cortical air spaces with sap to prevent internal 02 transport from the aerobic toward the anaerobic region. For anoxic treatments of the path, some sealing compound was pushed around the girdled root in the luer end of the syringe, with the help of a sawn-off cone, cut off from a disposable pipetting tip. The separation between the translocation path compartment (8 cm long) and the sink compartment (root tip) was waterproof and gas tight. The 5-ml syringe was fitted onto another 10-ml disposable syringe (sink compartment) and the scutellum (the source) was covered by a disposable 5-ml pipetting tip. All the compartments, source, path, and sink, were lined with wet filter paper and could be flushed separately or not as desired, by air or N2 saturated with water. The gas flow was about 100 ml/min and the N2 contained less than 50 jd 02/1. in the tip of the incised root. The build up of [1- 3H]dGlc in the tip will mean that the translocation path was intact and, therefore, conclusions could be drawn about the effect of path anoxia on the translocation of [l-'4C]dGlc. On the contrary, the absence of 3H radioactivity in the tip would mean that the cortical incision had stopped the translocation and the experiment could be discarded.
Control of the Internal 02 Transport. At the end of the experiment, the 02 transport was quantified essentially as described in Saglio et al. (17) . Briefly, the path compartment was filled with liquid medium (15) supplemented with 0.1 M glucose and 3 mM NaF. Both path and source were flushed for 1 h with air and then with N2. After 90 min of anoxic treament, the seedlings were quickly frozen by transfer into liquid N2. The contact with air lasted less than 2 s. Then, a 2-cm segment between 3 and 5 cm from the base of the scutellum was excised from the frozen root. This segment, which corresponded to the middle of the translocation path, was assayed for adenine nucleotides as in Saglio and Pradet (15) . When a value lower than 0.5 was found for ATP/ADP ratio, it was assumed that no 02 transport occurred. Values higher than 0.5 were interpreted to mean some internal 02 transport and the experiment was dis- To characterize the spot expected to correspond to 2-deoxysucrose, 50 Ml (300,000 cpm) of the tip extract were chromatographed as described. The corresponding spot was recovered and incubated for10 min at100°C in100 ,l of0.1 N HC1. cm path segments assayed for adenine nucleotides. When the source (scutellum) was in air and the root in N2, the value of ATP/ADP ratios indicated some respiratory activity due to internal 02 transport as previously reported ( 17) . A similar internal 02 transport occurred in the absence of girdling when the sink was maintained in air and the path and source region were in N2. When a circular cortical incision was made between the sink and the path compartments, the ratio of 17 among the 28 tested seedlings dropped to values close to that of the control maintained in N2, indicating that internal 02 transport had been prevented in 17 of the 28 girdled seedlings tested.
Determination of the Minimum Loading Time in Air. When the seed or the scutellum is in air, there is significant internal 02 transport down the root (Ref. 17; Table I ). In anoxic treatment of path and sink, the easiest way to avoid this transport was to maintain the scutellum in N2 during the experiment. However, phloem loading processes, which are now relatively well understood (2, 7) , are usually reported to be energy dependent (9) and inhibited by anoxia. Although it has been reported that phloem loading in maize leaves is unaffected by the absence of 02 (20), it is not known that these findings also apply to the scutellum. Furthermore, the interference of internal 02 transport which was not controlled in these experiments may have masked the inhibitory effect of anoxia. To be sure that enough label had been loaded in the sieve tubes before starting the anoxic treatment, the minimum loading time required in air to detect some radioactivity in the lst cm of the root near the scutellum was determined (Table II) .
After a 10-min loading period, radioactivity was detected in the 1st cm below the scutellum, some in the 2nd cm, but very little or no radioactivity lower than that. After 20 min, the radioactivity had already reached the tip in which some accumutation of labeled compounds could be observed after 30 min. These data indicate a translocation velocity of about 60 cm/h which falls in the range of the most commonly accepted values (10) . Unless otherwise noted, a 10-min loading period in air was chosen in all subsequent experiments.
Aerobic or Anaerobic Treatments of Both Path and Sink. Typical translocation patterns obtained after several hours are reported in Table III . These experiments were repeated several times. Significant differences could be noticed in the total amount of radioactivity recovered in the root which varied by a factor of 5 from seedling to seedling and also in the percentage of radioactivity accumulated in the tip which ranged between 20% and 50% for all the translocation time tested in air. However, all these experiments gave a similar pattern. In air, there was a quick and strong accumulation of labeled compounds in the tip. In anoxia, the translocation was almost completely stopped and after 6 h of anoxic treatments the radioactivity was hardly detectable in the tips, which were still alive as indicated by the amount of adenine nucleotides found in the tissues (2 nmol/tip) and by the turgescence of the tips. After 8 h of anaerobiosis, the tips were soft and the absence of measurable amounts of adenine nucleotides, even after transfer for 1 h in air, indicated that the tissues were dead.
Anaerobic Path Treatments. The results of the measurement of 3H and '4C radioactivity in the 1-cm root tips after 2 h of anoxic path treatment and the value of ATP/ADP ratios in the corresponding 2 cm segment of the path are shown in Table IV Figure 2 , the radioactivity accumulated in the tip was distributed among four compounds. One of them (spot no. 3) is dGlc which represents 27% of the total radioactivity. Two minor spots (nos. 1 and 4) are not identified. The major one (spot no. 2: 61% of the total radioactivity) has been identified as 2-deoxysucrose on the basis of its acidic hydrolysis which produced a single labeled compound spotting at the same RF as that of the reference dGlc (Fig. 2) .
Effect of NaF on Translocation. To suppress the metabolic energy provided by the fermentative processes which are active in maize tissues in the absence of 02 (16), the roots of some seedlings were preincubated for 1 h in aerated nutrient solution containing 3 mm NaF. Then, the nutrient solution was removed and the translocation of dGlc compound was studied as described. At the end of the experiment, a 2-cm segment of the anoxic path was analyzed for nucleotides in order to check both the energetic status of the tissues during the experiment and the occurrence of internal 02 transport. As shown in Table V , preincubation with NaF did not significantly modify the translocation pattern when both path and sink were maintained in air or in N2 (compare cf. Table V and Table I1I ). There was still a quick and strong accumulation of radioactive compounds in the tip in aerobic conditions, whereas in anoxia, the translocation was almost stopped and no radioactivity accumulated in the tip.
In anbxic path treatment (the sink being maintained in air), the translocation and accumulation of labeled compounds in the tip were not prevented by NaF treatment (Table VI) (4) . Gaseous porosity consisted only of a thin network of intercellular gas spaces, as found in most differentiated plant tissues. Our plant material was therefore not particularly well adapted to internal 02 transport. Nevertheless, as illustrated'in this study as well as in a former paper (17) , the internal diffusion of 02 along the path can overcome to a large extent the absence of 02 in the external medium. Energy production by oxidative phosphorylation is so efficient as compared to fermentation (36 ATP/mol of glucose instead of 2 in anaerobiosis), that even a very low respiratory rate may significantly mask the effects of external anoxic conditions. To avoid erroneous conclusions in studies dealing with anoxia, it is therefore absolutely necessary to eliminate any possibility of internal 02 transport. Vacuum infiltration of gas spaces by liquid medium, which is very efficient in preventing internal 02 transport in short term experiments (17) , unfortunately seems to disturb the transport of sugars (unpublished results). The method of root girdling used in this study, insofar as it did not hurt the stele, was quite harmless to the root tip which accumulated labeled dGlc and grew in air at the same rate as intact root (0.2 cmh-' for 24 h, results not shown). However, root girdling did not always completely prevent internal 02 transport either because the incision of the cortex was not complete or because some air spaces were present in the stele. The use of ATP/ADP ratio as an indicator of the respiratory rate (14, 17) permitted a check of these points and determined with a very high degree of certainty whether or not there was some internal 02 transport during a given experiment.
As already emphasized (13, 21) The 3H radioactivity accumulated during 2 h while the path was in air, and the`4C radioactivity, after 10 min loading time in air, was allowed to translocate during the next 2 h but while 70% of the path was maintained in N2.
Radioactivity These results are in good agreement with the absence of effect reported (5) for low temperature on the translocation of photosynthates in maize leaves. They support Munch's pressure flow hypothesis (see 10), long distance transport being driven by the osmotic and pressure gradient controlled by source-sink processes.
The arresting of translocation when both path and sink were in N2 implies that the inhibition operates at the sink level. In a former paper (16) , we have shown that under strict anoxia, maize root tips had an active fermentative metabolism and were able to use their cytoplasmic soluble sugars at a rate comparable to that found in aerobiosis (15) . Therefore, the sink 'strength' for sugar utilization remains potentially unimpaired in anoxia as long as sugars are accessible to the metabolic compartment. These considerations lead us to conclude that the inhibition of translocation by sink anoxia was not the result of the inhibition of cell metabolism but more likely operated on the unloading mechanism itself (8) .
Sink unloading mechanisms are not very well understood and may vary depending on plant and organs. However, data based on anatomical and metabolic observations support the hypothesis of a symplastic route for sucrose unloading in young growing organs (7) . Investigations on pea root tips (3), and more recently on maize root tips (8) , indicate a symplastic route in these tissues also.
If this is the case in our material, our results suggest that the entry of sucrose into the sink cell through the plasmodesmata can be stopped by anaerobiosis. Since the metabolic activity of the sink which maintains the diffusion gradient between the phloem and sink cell is unaffected by anoxia, it is tempting to assume that the absence of 02 induced a reversible discontinuity in the interconnected cytoplasms at the level of the plasmodesmata. This hypothesis is supported by ultrastructural observations made on maize (1) and tomatoes (12) showing dramatic but reversible modifications of the ER involved in plasmodesma structure induced by treatments such as anoxia or an uncoupler of oxidative phosphorylation which impair energy production.
